(blue colors indicate cold and red colors warm provenances as defined in Table S1 ). We transformed the observational stages (phenophases), and score data (qualitative 1 3 8 measurements) for BB and LS to Julian days by fitting the phenophases ( Fig. 3 ; Table S2 and spring (stage 2.5; Fig. 2 ; Robson et al. 2013 ) and at the stage at which 50% of the trees' leaves 1 4 2 had changed color from green to yellow (stage 3; Fig. 2 ; (Lang et al. 2019) ). We calculated the 1 4 3 GSL for each tree as the number of days between the estimated dates of BB and LS (Estiarte and 1 4 4
Estimation of bud burst, leaf senescence and growing season length
Peñuelas 2015). To separate the effects of the provenance (genetic effects) to those of the trial (environmental 1 4 8 effects), we used the average climate from 1901 to 1990 for each provenance and the average 1 4 9 climate of the period between the planting year and the year of measurement for the trial (Leites September, October and November (SON). In addition, we used daily insolation, a function of 1 5 5 day length and solar irradiance (Yeang 2007) . We downloaded daily insolation data from the 1 5 6 NASA Atmospheric Science Data Center (https://power.larc.nasa.gov/data-access-viewer/), and 1 5 7 we calculated solar radiation (direct and diffuse) between 400-2700 nm incoming on a horizontal 1 5 8 surface for a given location. We calculated the mean daily insolation (DIM, kWh m -2 d -1 ) 1 5 9 between the months of June, July and August (JJA) and September, October and November
We used a model of BB already calibrated for the same set of trials and provenances (Gárate perform spatial predictions of BB, LS and GSL under current and future climate scenarios. We performed a series of linear mixed-effects models of LS as a function of environmental included one environmental variable from the provenance, one environmental variable from the 1 9 0 trial site and BB as fixed effects. The trial, blocks nested within the trial, individual trees and 1 9 1 provenances were included as random effects; to control for differences among sites and for 1 9 2 repeated measurements of the same tree. The general form of the LS model was:
Where LS = leaf senescence of the i th individual of the j th provenance in the k th trial; EP = residuals. In addition, the model included the following interaction terms: EP × ET, EP × BB, best supported model, we followed a stepwise-model procedure: (i) we selected the most 2 0 6
important variable related to the trial by comparing a series of models that included one by the fixed effects, marginal R 2 ( Supplementary Table S4 ); (ii) we chose the optimal random and BB using restricted maximum likelihood (REML), and selected using the AIC criterion; (iii) 2 1 3
we retained the best environmental variable related to the provenance comparing the models that 2 1 4
included one environmental variable from the provenance, the selected variable from the trial, 2 1 5 the BB, the interaction between the three variables and the random terms using maximum 2 1 6 likelihood (ML) using the AIC criterion ( Supplementary Table S4 ); (iv) we combined the best 2 1 7 optimal random and fixed components (previously selected) and adjusted them using REML to 2 1 8
obtain the best performing model.
The goodness of fit of the final models was assessed using two approaches. First, we 2 2 0 quantified the percentage variance explained by the model attributed to the fixed effects 2 2 1 (marginal R 2 ) and attributed to the fixed and random effects (conditional R 2 ). Second, we 2 2 2 measured the generalization capacity of the model using cross-validation with independent data.
3
To this end, we calibrated the model with 66% of the data and performed an independent 2 2 4 validation (using Pearson correlations) with the remaining 34% of the data. For the best LS supported model, we analyzed the significant interactions (EP × ET, EP × BB, variable of the trial) and according to provenances showing early, mean and late BB. We also 2 3 0 inspected gradients of GSL for the six populations by plotting GSL against the environmental 2 3 1 variable of the trial selected in the model (ET) and population under current conditions. We and plotted the predicted future GSL against ET, for each of the populations. Spatial projections of LS were calculated using our LS model, and predictions of GSL were In both trials, differences among provenances were larger for spring leaf flush stages (including 2 4 6 bud burst; Fig. 3a (Tm SON) of the trial and of the provenance, and BB as a co-variable (Table 1 and Table S4 ). trials, although the strength of this effect depended on the origin of the provenances (Fig. 5 ).
3 0 8
Specifically, this increase in GSL was greatest for cold provenances (3.2-5.2 C°), which have 3 0 9
their longest GSL under cold conditions (7.5-8.5 C°) at the trials in the current climate (Fig. 5a ).
3 1 0
In this two specific trials, GSL differed more among provenances under future than under current 3 1 1 autumn temperatures (Fig. 5b) . The longest GSL under future conditions was predicted at high 3 1 2 trial temperatures (11.5-12 C°) for the warm (10.5-11.3 C°) and cold (3.2-5.2 C°) provenances, 3 1 3
whilst at low trial temperatures (10.5-11 C°), the longest GSL was predicted for warmer (10.5-3 1 4
11.3 C°) provenances (Fig. 5b) .
3 1 5
When we extrapolate our models for the examined 2070 climate scenario, GSL is predicted to 3 1 6 increase up to 9 days in the northern-east of the range (Fig. 6 ). Decreases of GSL up to 8 days are predicted for much of the range including the central, southern, western and eastern areas; little or no change in GSL is predicted for the south-eastern-most range (Fig. 6 ). climate conditions. Growing season length is the difference between leaf flushing and leaf 3 3 0 senescence spatial predictions ( Figure S4 ). The color gradient depicts the number of days 3 3 1 difference in growing season length between current (average climate calculated from 2000-3 3 2 2014) and future conditions (2070, RCP 8.5) from strong decrease (red) to strong increase (blue). The origin of beech populations is a major determinant of the timing of their leaf spring and leaf 3 3 7 autumn phenology (Table 1) , which confirms their genetic differentiation in the control of differentiation is often stronger for spring phenology than for autumn phenology (Vitasse et al. found in our beech provenances ( Fig. 3a & b) . The duration of autumn leaf senescence is longer 3 4 2 than that of leaf flushing in beech (Fig. 3 , Table S2 , S3) (Gömöry and Paule 2011; Petkova et al. populations for both BB and LS in the Slovakian trial than in the German one (Fig. 3) ,
confirming that, in addition to genetic effects, the environment plays an important role in the Overall, our results support the assertions that (1) high autumn temperatures, of the provenance 3 5 5
and at the planting site, delay LS in beech, and (2) early BB tends to be followed by early LS both genetic and site factors using common-garden trials (Fig. 4) , is consistent with previous The finding of our study does not necessarily imply that LS timing in beech only depends 3 7 1 on temperature, because this parameter covaried with daily insolation and precipitation (Fig. S2 ).
7 2
Both explained a lower proportion of the overall variance (higher insolation promoting delayed 3 7 3
LS and higher precipitation promoting earlier LS; see Table S4 ), yet we cannot exclude the interaction-effect of BB and the autumn temperature of the provenances on LS is notable ( Table   3 8 7 1; Fig. 4) , as it suggests that the relationship between BB and LS is moderated by the 3 8 8 temperature at provenance origin in a provenance-specific manner. The relationship between BB 3 8 9
and LS is complex and various different mechanisms that have been proposed to explain carry- C°) ( Fig. S3 ) and in regions with high autumn temperature (11.5-12 C°) ( Fig. 4a) Modeling. Available at: https://cran.r-project.org/web/packages/raster/raster.pdf. 
